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Ideas	of	~100	GV/m	electric	fields	in	plasma,	using	1018	W/cm2	lasers:	1979	T.Tajima	and	J.M.Dawson	(UCLA),	Laser	
Electron	Accelerator,	Phys.	Rev.	Lett.	43,	267–270	(1979).			
Using	partice	beams	as	drivers:	P.	Chen	et	al.	Phys.	Rev.	Lett.	54,	693–696	(1985)	

An	intense	particle	beam,	or	intense	
laser	beam,	can	be	used	to	drive	the	
plasma	electrons	into	oscillation.

C.	Joshi,	UCLA
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Plasma	as	Accelerator	Medium

For	a	relativistic	driver:



Drivers:	
PW	lasers	today,	~40	J/Pulse	

FACET	(e	beam,	SLAC),	30J/bunch	

SPS@CERN		20kJ/bunch		
LHC@CERN		300	kJ/bunch

Witness:	
1010	particles	@	1	TeV	≈	few	kJ

Leemans & Esarey,  Phys. Today  62 #3 (2009)

E. Adli et al. arXiv:1308.1145,2013

1	LHC	driven	stage

A.	Caldwell	and	K.	V.	Lotov,		Phys.	Plasmas	18,	103101	(2011)

Dephasing

SPS:	~100m,	
LHC:	~few	km	
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Staging	Concepts
Energy	Budget:



LWFA	State-of-the-Art

PIC	simulation	of	electron	
acceleration:	16J	BELLA	laser	focused	
at	the	entrance	of	a	9	cm	channel.		
Plasma	density np = 7 · 1017cm�3
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W.	P.	Leemans	et	al.,	
PRL	113,	245002	
(2014)

See	also	X.	Wang	et	al.,	Nat.	Comm.	2013,		H.T.Kim	et	al.,	Sc.	Reports	2017,		C.	Clayton	et	al.,	PRL	2010,	

First	results	on	external	electron	bunch	injection,	two-stage	acceleration	(S.	Steinke	et	al.,	Nature	
530,	190	(2016))
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PWFA	State-of-the-Art
43	GeV	energy	gain	

FFTB
SLAC

PPCF 9 GeV Paper 7

Figure 1. (a) and (c) show the energetically dispersed transverse charge density profile
of the highest peak energy shot from the data set as observed on the wide-field of view
(FOV) Cherenkov screen and the Lanex screen, respectively. The left-axis displays the
energy calibration of the screen, and the right and bottom axes display the physical
size of the beam on the screen. The color axis corresponds to the charge density in
units of pC/mm2, represented on a linear scale. The horizontal lines represent centroid
energy (red), the peak energy (solid black), and the values corresponding to the rms
energy spread about the peak energy (dashed black). All of these values were calculated
for the Cherenkov screen shown in (a). (b) and (d) show the horizontally integrated
spectral charge density profiles from (a) and (c), respectively.

Table 1. Statistical analysis of accelerated beam spectra, including the standard
deviation (s.d.) of each measured quantity. Values are given for calculation techniques
using both the centroid energy and spectral peak energy.

Measured Quantity Centroid Energy Spectral Peak Energy

Mean Energy Gain 4.7 GeV (1.1 GeV s.d.) 5.3 GeV (1.4 GeV s.d.)
Mean RMS Energy Spread 5.9% (1.3% s.d.) 5.1% (2.3% s.d.)
Mean Accelerated Charge 140 pC (55 pC s.d.) 120 pC (47 pC s.d.)

of about five. This di↵erence can be accounted for by the ratio of the length of the two

plasma sources (3.6) and the ratio of accelerated charge (1.6), the combination of which

would lead to a rough estimate of an improvement in energy transfer of about a factor

Narrow	energy	spread	acceleration	with	high-efficiency	has	been	demonstrated.	Next	decade	will	
focus	on	simultaneously	preserving	beam	emittance	and	addressing	acceleration	of	positrons.	
(Courtesy:	M.	Hogan,	SLAC)

Blumenfeld	et	al.,	Nature	445,	741	(2007),	Muggli	et	al.,	New	Jour.	of	Phys	
12	,	045022	(2010)	,	Litos	et	al.,	Nature	515,	92	(2014)

9	GeV	energy	gain,		
efficiency	20%	

FACET



AWAKE
E.	Adli	et	al.,	AWAKE	Collaboration,	
Nature	561,	363	(2018)

Seeded	self-modulation	robust	!



AWAKE	Run	2		
Goals:		
stable	acceleration	of	bunch	of	electrons	with	high	gradients	over	long	distances	
‘good’	electron	bunch	emittance	at	plasma	exit			
Be	prepared	to	start	particle	physics	experiment	after	Run	2

9

Density	needed	for	AWAKE	achieved	at	
the	IPP	in	Greifswald.		Study	uniformity,	
scalability	at	CERN.		New	laboratory.

V.K.	Berglyd	Olsen,	E.	Adli	and	P.	Muggli	
	Phys.	Rev.	Accel.	Beams

Beam	loading	to	improve	emittance



LHC	as	driver
From	simulations	of	seeded,	self-modulated	proton	beams:	

Energy	reach	using	the	LHC	<=	6	TeV	
Physics of Plasmas 18, 103101 (2011); 
A. Caldwell and K. V. Lotov

Here: 1.15 1011 protons assumed.  Gradients could be larger

Number	of	electrons/proton	estimated	~5%	for	
SPS.		Not	yet	studied	for	the	LHC	

10

https://aip.scitation.org/author/Caldwell%2C+A
https://aip.scitation.org/author/Lotov%2C+K+V
https://aip.scitation.org/author/Caldwell%2C+A
https://aip.scitation.org/author/Lotov%2C+K+V
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Particle	Physics	possibilities

looking	for	good	ideas	….
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General	Considerations

s-channel	cross	sections	scale	as	σ ∝
1
s

nfixed ⟹ ℒ ∝ s

very	difficult	to	see	today	how	high	luminosity	and	high	energy	and	affordability	can	be	achieved	
in	a	linear	collider:	

LWFA	-	need	high	power	AND	high	energy	AND	high	efficiency	laser	…	

PWFA	-	electron	driver	will	need	many	stages,	emittance	preservation,	positrons	(for	s-channel),	
…	

PWFA	-	proton	driver.		With	LHC,	many	TeV	foreseeable	but	low	rep	rate,	dedicated	short	cycling	
time	proton	accelerator?

As	intermediate	step,	think	what	physics	we	can	get	from	single	high	energy	beams	or	low	
luminosity	collider.

Power!
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If	we	could	provide	a	5	TeV/electron	bunch,	with	 	electrons/bunch	
on	average	1/s	-	who’s	interested?

1010

If	we	could	provide	1	PeV/electrons	with	 electrons/bunch	on	
average	1/1000s	-	who’s	interested?

109

Energies	are	of	course	available	in	cosmic	rays,	but	not	in	the	
lab.		What	can	be	studied	in	a	lab	environment?		If	the	cost	is	
reasonable,	should	go	on	an	exploratory	mission.

Need	many	crazy	ideas	-	one	of	them	may	turn	out	not	to	be	so	crazy.

Questions



Beam	Dump

Example:	Dark	photon	search	a	la	NA64.	Currently:	secondary	electron	
beam	from	SPS.		Provides	106	electrons/s,	E=100	GeV	

Decaying	dark	photons:	into	visible	or	
invisible	mode.		For	invisible	mode	-	
need	to	track	individual	electrons.		How	
to	do	this	in	a	bunched	beam?

14

ϵ ϵ

ϵ
?

See	e.g.:	https://arxiv.org/pdf/2005.01515.pdf.					‘The	Physics	of	the	Dark	Photon’

https://arxiv.org/pdf/2005.01515.pdf
https://arxiv.org/pdf/2005.01515.pdf


Beam	Dump

AWAKE 1016

A.	Hartin,	UCL

Expectation	for	3	month	run Expectation	for	1016	1	TeV	electrons

15



Strong	Field	QED
Idea:	probe	QED	in	the	strong	field	regime	(Schwinger	critical	field	~1018	/m).	Expect	to	see	
nonlinear	effects	in	controlled	laboratory	environment.

e.g.,
high	power	laser

high	energy	electron	beam

higher	energy	beams	would	be	a	great	benefit 16
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the ability to reach PeV and to measure the fs time resolution of PeV γ photons can provide valuable data if and how gamma photons still obey the 
premise of relativity or the vacuum texture begins to alter such fundamentals. The only method currently available to look at this problem may be 
to study astrophysical data of the primordial gamma ray bursts (GRBs), which are compared with the presently suggested approach. 

T. Tajima, M. Kando and M. Teshima, Prog. Theor. Phys. 125, 617 (2011).  

See	also:

Schwinger	pair	creation

from	backscattering	on	high	energy	e	beamγ



Fixed	Target

Compass:	~20	GeV	
EIC:	15-140	GeV

LHC	Driver

Using	LHC	as	driver,	AWAKE	style	acceleration	could	reach	energy	regime	that	is	comparable	to	
the	planned	EIC	at	BNL	in	a	fixed	target	mode.	

Advantage:	luminosity	achieved	via	the	target	
Disadvantage:	very	forward	geometry	for	experiment.		Exclusive	states	may	be	difficult	to	
reconstruct.		Pile-up	if	have	`thick’	target.	

Has	not	been	studied	…	some	part	of	the	EIC	program	could	be	covered	…	to	be	investigated

Electron	beam	polarization	maintained	in	
blowout	regime	(J.	Vieira	et	al.,	PRST-AB	14,	
071303(2011)	
Needs	investigation	for	AWAKE	scheme

ECM =
p

2MPEe = 14� 110 GeV
<latexit sha1_base64="tX2dh0MdqSCWLGi3Hof9D6tEOUI=">AAACHHicbVBNS0JBFJ1nX2ZfVss2QxK0Sd5TISECQaQ2gkFq4JPHvPGqg/M+mpkXyMMf0qa/0qZFEW1aBP2bRn2L0g4MHM45lzv3uCFnUpnmt5FaWV1b30hvZra2d3b3svsHLRlEgkKTBjwQdy6RwJkPTcUUh7tQAPFcDm13VJ367QcQkgX+rRqH0PXIwGd9RonSkpMt1pzYFh6u1if4EtvyXqi4gOtOA9ccmEpW6cyyTGxf4F nuCloTJ5sz8+YMeJlYCcmhBA0n+2n3Ahp54CvKiZQdywxVNyZCMcphkrEjCSGhIzKAjqY+8UB249lxE3yilR7uB0I/X+GZ+nsiJp6UY8/VSY+ooVz0puJ/XidS/XI3Zn4YKfDpfFE/4lgFeNoU7jEBVPGxJoQKpv+K6ZAIQpXuM6NLsBZPXiatQt4q5gs3pVylnNSRRkfoGJ0iC52jCrpGDdREFD2iZ/SK3own48V4Nz7m0ZSRzByiPzC+fgDNaJ4J</latexit>

for	Ee=100-6000	GeV 18



VHEeP		
(Very	High	Energy	electron-Proton	collider)

VHEeP:	A.	Caldwell	and	M.	Wing,	Eur.	Phys.	J.	C	76	(2016)	463

One	proton	beam	used	for	electron	acceleration	
to	then	collide	with	other	proton	beam	

Luminosity	~	1028	−	1029	cm-2	s-1	gives	~	1	pb−1	
per	year.	

Electron	energy	from	wakefield	
acceleration	by	LHC	bunch

Choose	Ee	=	3	TeV	as	a	baseline	for	a	new	collider	
with	EP	=	7	TeV	yields	√s	=	9	TeV.	Can	vary.	
-	Centre-of-mass	energy	~30	higher	than	HERA.	
-	Reach	in	(high)	Q2	and	(low)	Bjorken	x	
extended	by	~1000	compared	to	HERA.	
-	Opens	new	physics	perspectives

A.	Caldwell,	K.	V.	Lotov,	Phys.	Plasmas	18,	
13101	(2011)
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Mini-workshop on QCD and Gravity

December 12,13


Max Planck Institute for Physics


Wednesday, December 12


14:15-15:15	 Raju Venugopalan ‘A many-body theory of QCD in the Regge limit’


15:30-16:00	 Eran Palti	 ‘News on Swampland’

16:00-16:30	 Stephan Stieberger ‘QCD meets Gravity’

16:30-17:00	 Johanna Erdmenger ‘AdS/CFT and very small x’

17:00-17:30	 Angnis Schmidt-May ‘News from bimetric gravity’

17:30-18:30	 Discussion time


19:00- 		 Dinner somewhere


Thursday, December 13


9:00-10:00	 Gia Dvali et al ‘Proof of the Axion?’

10:00-10:30	 Discussion time

10:30-11:00	 Henri Kowalski ‘BFKL analysis of HERA data’

11:00-11:30	 Agustin Sabio Vera ‘The Regge limit in QCD, SUSY and gravity’


12:00-14:00	 lunch and discussion

Prospects for a very high energy eP and eA collider 

June	1,2	2017	
Max	Planck	Institute	for	Physics	

2 workshops to discuss novel 
physics with very high energy 
eP/eA collider. 

Second - focus on relation 
between QCD and gravity.

2018



R. Venugopalan, Mini-workshop on QCD and Gravity  
December 12,13 Max Planck Institute for Physics 

New: perturbative approach to infrared physics!  Relevant equations very similar to 
fundamental statistical mechanics equations.  Strong overlap with quantum description of 
black holes.

From the physics we know - these are the strongest fields that can be achieved in 
nature

From	the	Workshop



VHEeP

with VHEeP and eA, we will be in a region where the saturation scale is well into the 
perturbative region.  Allows detailed probing of this new physics:  high density & weak 
coupling !

At high energy, see short-lived fluctuations due to time dilation  

Courtesy: R. Venugopalan

Markovian process leads to power law 
growth of gluon distribution at small x  

Violates Froissart bound asymptotically 

A	fascina)ng	equilibrium	of	spli4ng	and	
recombina)on	should	eventually	result.	It	is	a	
considerable	theore)cal	challenge	to	calculate	
this	equilibrium	in	detail...	

F.	Wilczek,	Nature	(1999)	

QS
2	~	A1/3	since	

”wee”	gluons	
couple	
coherently	for	x	
<<	A-1/3	

“oomph factor” from Nuclei



QCD and Gravity:  more than math ?

Consider: the visible mass is largely due to baryons.  The mass of baryons is largely due to 
QCD (not the Higgs mechanism).  Gravity couples to mass/energy …. 

S. Stieberger, Mini-workshop on QCD and Gravity December 12,13 Max Planck Institute 
for Physics 



VHEeP	
(Very	High	Energy	electron-Proton	collider)

VHEeP:	A.	Caldwell	and	M.	Wing,	Eur.	Phys.	J.	C	76	
(2016)	463

One	proton	beam	used	for	electron	acceleration	
to	then	collide	with	one	bunch	from	other	proton	
beam	

Luminosity	~	1028	−	1029	cm-2	s-1	gives	~	1	pb−1	
per	year.	

Electron	energy	from	wakefield	
acceleration	by	LHC	bunch

Choose	Ee	=	3	TeV	as	a	baseline	for	a	new	collider	
with	EP	=	7	TeV	yields	√s	=	9	TeV.	Can	vary.	
-	Center-of-mass	energy	~30	higher	than	HERA.	
-	Reach	in	(high)	Q2	and	(low)	Bjorken	x	
extended	by	~1000	compared	to	HERA.	
-	Opens	new	physics	perspectives

A.	Caldwell,	K.	V.	Lotov,	Phys.	Plasmas	18,	
13101	(2011)



April	4,	2017

Huge cross section – no statistical uncertainty 
even at 1028 cm-2s-1

Total photoproduction cross 
section – energy dependence ?  
See approach to Froissart 
bound ? 
Impact on cosmic ray physics

Virtual photon cross section: unphysical 
extrapolation of cross sections -> observation of 
saturation of parton densities ?  

With the three orders of magnitude extension in 
the range at small-x, expect to see signs of the 
fundamental saturated regime.

Colliding	3	TeV	electrons	with	LHC	Protons
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Exclusive processes: 
Sensitive to square of gluon density 
Early signs of new saturated regime 

Good opportunity to see the fundamental 
high-energy saturated state!

Crossing unphysical: 
new physics needed

eA possibility will make this 
physics even more dramatic 
“oomph”-factor again
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High	Energy	Behavior	of	Cross	Sections

New	elementary	particles	or	condensed	matter	physics?	

Maybe	the	high-energy	limit	behaves	differently	than	most	expect.

Good	news:	large	cross	sections!		



~
–

~

Leptoquarks are predicted in many 
models for Beyond-the-Standard-
Model physics.  Electron-proton 
colliders are the ideal tool to look for 
this kind of process. 

Fixed mass of LQ means fixed x.

Spin coupling

Sensitivity depends 
mostly on CM energy

27

Leptoquarks



p

p
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Leptoquarks	at	the	LHC
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Sensitivity goes far beyond 
what is expected to be 
reached at LHC.  (Currently 
~1 TeV, later 2-3 TeV)
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VHEeP
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If	we	could	provide	a	5	TeV/electron	bunch,	with	 	electrons/bunch	
on	average	1/s	-	who’s	interested?

1010

If	we	could	provide	1	PeV/electrons	with	 electrons/bunch	on	
average	1/1000s	-	who’s	interested?

109

One	option:		
take	what	the	technology	can	provide	and	explore	a	previously	

unexplored	regime.

Conclusions-Questions	


